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Abstract7

Background: Friction and wear of polymers at the nano scale is a challenging problem due to the8

complex viscoelastic properties and structure. Using molecular-dynamics simulations, we investi-9

gate how a graphene sheet on top of a semicrystalline polymer (PVA) affects the friction and wear.10

Results: Our setup is meant to resemble an AFM experiment with a silicon tip. We have used two11

different graphene sheets: an unstrained, flat sheet, and one that has been crumpled before being12

deposited on the polymer.13

Conclusion: The graphene protects the top layer of the polymer from wear and reduces the fric-14

tion. The unstrained flat graphene is stiffer, and we find that it constrains the polymer chains and15

reduces the indentation depth.16

Keywords17

polymer; friction; graphene; molecular dynamics18

Introduction19

Graphene is a two dimensional material that has remarkable properties, both electronic [1,2] and20

mechanical [3,4]. Even before anything was known about graphene, the mechanical properties21

were already being utilised in engineering applications. Graphite powder, essentially thick flakes22
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of graphene, has been used as a lubricant additive for over a century to reduce wear and friction23

during sliding [5-7]. Nevertheless, we still don’t understand all the different mechanisms at play24

in such systems. During the last few decades, with the development of the Atomic Force Micro-25

scope [8] and increases in computing power, it has become possible to investigate more deeply and26

develop understanding of the mechanisms that play a role in the friction of graphene (see, for ex-27

ample [9-21]). The effect of graphene coatings, and their ability to protect against wear, depends28

on the substrate underneath. Nevertheless, so far, they have been studied almost exclusively on29

metals [22,23]. Polymers coated with graphene have barely been studied on the nanoscale, due to30

the added complexity of the polymer, the tribology of which even without any coatings is still not31

well-understood [24,25]. In experiments, the tribology of polymer composite materials contain-32

ing graphene has been studied with the goal of constructing a self-lubricating material [26]. Sara-33

vanan et al. [27] have measured the friction and wear of polymer materials such as PE (polyethy-34

lene), PC (polycarbonate), POM (polyoxymethylene), PMMA (polymethyl methacrylate), PEEK35

(polyetheretherketone) and PTFE (Polytetrafluoroethylene [28]). The polymers balls have been36

rubbed on a steel surface covered with layers of graphene oxide and PEI (polyethylenimine). They37

show that a transfer film of graphene on the polymer leads to lower friction. While to our knowl-38

edge there have been no numerical studies of friction on graphene coated polymers, the graphene39

polymer interface has been studied. Rissanou et al. [29,30] show that graphene has a strong ef-40

fect on the structure and dynamics of the polymer chains near the interface. In this work, we aim41

to develop our understanding of the frictional behaviour of polymer coated with graphene by us-42

ing molecular dynamics simulations of a single sliding asperity at the nanoscale. We show that43

graphene protects the polymer substrate from wear and identify the mechanism of this protection.44

We show that crumpling of the graphene has an impact on the friction. In section we first describe45

the simulation setup. Then we move on to discussing our simulations of depositing, indenting, and46

sliding on the graphene in section . Finally, we draw some conclusions in section .47
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Simulation setup48

We simulate a slab of polyvinyl alcohol (PVA) coated with a single layer of graphene and a coun-49

terbody representing an AFM tip consisting of silicon. The simulations were peformed using50

LAMMPS [31]. We use the same setup for the polymer as our previous work [25], which we sum-51

marise below.52

Interaction potentials53

Figure 1: Coarse grained model for polyvenyl alcohol (PVA), C2H4O)𝑥 . Red atoms are oxygens,
dark gray are carbon, and clear gray are hydrogen. One green circle represents one coarse grained
particle which replaces the group of atoms C2H4O

The PVA is described using a united-atom force field developed by Müller-Plathe et al. [32]. Each54

polymer particle represents a monomer of one structural unit (C2H4O) (see Fig. 1). The nonbonded55

interaction is given by a Lennard-Jones 96 potential 𝑉pair(𝑟) = 4𝜖0 [( 𝜎0𝑟 )
9 − (𝜎0

𝑟
)6] where 𝜖0 =56

0.0179 eV, 𝜎0 = 4.628 Å, and 𝑟 is the distance between the interacting monomers. The bonded57

interactions are described by a harmonic potential 𝑉bond = 𝐾 (𝑟 − 𝑟0)2 where 𝐾 = 2.37 eV/Å2 is the58

stiffness and 𝑟0 = 2.6 Å is the equilibrium bond length. The bending potential is approximated by59

an angular potential described in a table format.60

For graphene, we use the potential developed by O’Connor et al [33] (AIREBO-M potential). It is61

an empirical many-body potential that is directly implemented in LAMMPS.62

𝑉 =
∑︁
𝑖

∑︁
𝑗≠𝑖

𝐸REBO𝑖 𝑗 + 𝐸LJ𝑖 𝑗 +
∑︁
𝑘≠𝑖, 𝑗

∑︁
𝑙≠𝑖, 𝑗 ,𝑘

𝐸TORSION𝑘𝑖 𝑗 𝑙 (1)63

The interaction between the PVA and graphene is modelled using a Lennard-Jones 12-6 potential64

and Lorentz-Berlot mixing rule. 𝜎1 = (𝜎𝑖 + 𝜎𝑗 )/2 = 4.025 Å, 𝜖1 =
√
𝜖𝑖𝜖 𝑗 = 0.015066 eV.65
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a Flat graphene. b Crumpled graphene.

Figure 2: Snapshot of the simulation after the deposition of the graphene on the polymer and be-
fore indentation and sliding for a) the flat graphene and b) the crumpled graphene.

We model the interaction between the silicon tip and graphene using a Lennard-Jones 12-6 with the66

same parameters used by Li et al.[34]. 𝑉pair(𝑟) = 4𝜖2 [( 𝜎2𝑟 )
12 − (𝜎2

𝑟
)6] where 𝜖 = 0.092 eV is the67

depth potential, and 𝜎2 = 3 Å is the distance at which the potential is equal to zero.68

In our system, the tip and polymer are never in direct contact. They are always separated by69

graphene. We therefore do not need to model their interactions, but to be sure that no extremely70

unphysical events can occur, we have used the same potential as for the polymer-polymer interac-71

tion.72

The masses of the particles were chosen to be equal to 12.01 g/mol for the carbon atom of73

graphene, 44.17 g/mol for the monomers in the PVA and, 2.8 g/mol for the particles of the FFM74

tip. This leads to a fairly small total tip mass. While this is not entirely physical, such a low mass75

will help speed up the dynamics and damping of the tip and save computation time without com-76

promising the results[34]. We simulate the system with a time step of 1 fs.77

Substrate cooling and characterization78

We start from a box with periodic boundary conditions in the 𝑥 and 𝑦 direction (sizes 428 Å and79

285 Å), filled up with PVA molecules placed randomly and constrained by hard walls in the 𝑧 di-80

rection. The average density inside the polymer bulk is around 22 monomers/nm3. The chains have81

a length of 50 monomers. Because there are overlaps, we initially give them no interaction. To re-82

move overlapping gently, we first applied a nonphysical soft hybrid interaction potential, for 0.25 ns83

4



to remove particle overlapping, and then slowly ramp up the potential over a period of 0.25 ns to84

the coarse-grained potential described in the previous section. The hybrid interaction potential con-85

sists of a 12–6 Lennard–Jones potential for the non-bonded interactions and a spring potential for86

the bonded interactions.87

Once we have reached a melt with the correct interaction, we equilibrate it for 0.25 ns in the NVE88

ensemble. The temperature of the melt at this point is extremely high. To obtain a realistic semi-89

crystallized substrate structure, we cool down the sample using a Nosé-Hoover thermostat with a90

linearly decreasing temperature, starting at 5000 K down to 220 K with a cooling rate of 75 K/ns.91

After this, the temperature is kept constant at 220 K for 4 ns. At this point, we remove the walls92

and the 𝑧 direction as they are no longer needed.93

Graphene deposition94

After the solidification of the semi-crystalline substrate, a layer of graphene is deposited on top.95

We use two different graphene sheets in our simulations. The first one is a single flat sheet of96

graphene that has the size of the box (Fig. 2a). The second one is also a single sheet, but the97

graphene has been crumpled by being compressed along 𝑥 and 𝑦 directions by 10%, which leads98

to wrinkles on the surface (Fig. 2b).99

In both cases, we deposited the graphene on the surface of the polymer substrate by placing the100

graphene at around 90 Å from the surface and then applying a force to each of the graphene atoms101

equal to 0.00005 eV/Å (8.0 × 10−14 N) for a period of 75 ps, after which it sits on the surface and102

has stopped moving. The total normal force applied is around 4 nN (3.3 MPa). Then the force is103

removed and the graphene stays on the surface due to the adhesion.104

Indentation and sliding procedure105

In order to avoid sliding of the entire graphene sheet over the polymer substrate, we fix the position106

of some of the graphene atoms during the indentation and the sliding process. The two regions107
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Figure 3: Top view of the simulation. The positions of the fixed graphene atoms are shown. The
AFM tip is fixed to a support (virtual atom) via a spring, This support is moving at a constant
speed in the sliding direction.

where the graphene atoms are fixed are located in strips along the 𝑥 direction, which is the sliding108

direction, as far away as possible from the trajectory of the tip (Fig. 3).109

The FFM tip is rigid and consists of atoms arranged in an fcc lattice with a period of 5.43 Å, which110

is the crystal structure of silicon. A semisphere is cut out from this material. The tip is placed111

above the surface. A constant normal force is applied to the tip so that it moves towards and indents112

the surface. After 1 ns, the tip has reached a stable depth. The tip is then attached to the support113

with a harmonic spring along the sliding direction. The spring constant is equal to 30 N/m. The114

support is moving at a constant horizontal velocity of 2 m/s. We run the sliding simulation for a115

distance of 100 Å, which takes roughly 6000 CPUcore hours.116

Method of analysis117

The box is divided into a grid that moves with the tip. During sliding, we bin the individual poly-118

mer particles depending on their position in the reference frame of the tip. This enables us to create119

heat maps of average properties around the tip, such as the density or the average displacements of120

the particles.121

We calculate the surface roughness of the top polymer atoms. We first divide the box into bins of122

size 𝜎0 in both 𝑥 and 𝑦. Each bin is assigned the height of the atom with the highest 𝑧 position. We123
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finally compute the surface roughness as the root mean square height of a given area,124

𝑆𝑞 =

√︂
1
𝐴

∑︁∑︁
𝑍2(𝑥, 𝑦)Δ𝑥Δ𝑦 , (2)125

where A is the surface area and Z is the height of the particles on the surface.126

Results and Discussion127

Graphene deposition128

After the deposition of graphene, we investigate its effect on the surface. The deposited graphene129

alters the structure and shape of the surface. This can be seen in Fig. 4, where we show the den-130

sity as a function of the position in a cross-section of the substrate for the cases with and without a131

graphene layer.132

We characterise the shape of the polymer surface by the roughness. We computed the roughness of133

the bare surface, as well as surfaces covered in flat and crumpled graphene just after the deposition.134

Before the deposition of graphene, the roughness of the polymer surface is equal to 0.543 Å. After135

the deposition of the flat graphene, the roughness decreases to 0.186 Å. After deposition of the136

crumpled graphene, the roughness changes to 0.581 Å. The flat graphene flattens the surface, while137

the crumpled graphene accommodates to it.138

In addition to the shape, the structure of the polymer near the surface is affected by the graphene.139

In the case of the flat graphene, the particles of the polymer align in layers parallel to the surface,140

as can be seen in Fig. 4b. In Figure b), the red flat region corresponds to a depth at which there is141

a high density of polymers. A similar effect has been observed for other polymers as well [29,30].142

For the crumpled graphene, the structure of the polymer is not as strongly affected by the deposi-143

tion (Fig. 4c), though there is some sign of it.144
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Indentation145

After the graphene is deposited, we add the AFM tip to our simulation and indent it into the sur-146

face. Figure 5 shows the indentation depth as a function of time for a normal load of 6.4 nN on the147

flat graphene. Different loads have been applied in the range 1-100 nN. The depth was determined148

as the distance between the lowest atom of the tip and the average height of the graphene sheet be-149

fore indentation minus the tip-graphene interaction equilibrium distance 𝜎2. We have performed150

this type of analysis for two different radii, 50 and 100 Å. The sliding starts directly after the inden-151

tation process.152

We have run a long indentation simulation with a load of 6.4nN to determine the penetration depth153

after a long period of time (see Fig. 5). We only observe a slight increase in the depth between 1 ns154

and 4 ns of around 1 Å. Thus, we consider the tip indented fully after 1ns.155

The indentation depth depends strongly on the load, as expected (Fig. 6). At low normal force, the156

tip with a higher radius penetrates deeper due to adhesion, which contributes significantly to the157

effective load force by pulling the tip into the surface. At higher loads, the smaller tip penetrates158

further, as it is subjected to larger external pressure. In the case of the crumpled graphene, we159

see a larger indentation depth compare to the flat graphene (Fig. 8). The tip has more freedom to160

sink inside the material when the graphene is crumpled (membrane buckling) than in a case of flat161

graphene (stiff membrane).162

Figure 7 shows the cross-section of the density under the tip at the end of the indentation process.163

We can see regular lines of high density right below the graphene which indicate a local reorgan-164

isation of the polymer chains. The graphene, especially the flat sheet, is also curved away from165

the tip a little, which plays a role in reducing the local pressure comparing to the case with no166

graphene.167
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Frictional forces168

Once the tip is sufficiently indented into the surface (after 1 ns), we start the sliding. Figure 10169

shows the lateral force as a function of the displacement of the support in the case of the flat170

graphene.171

To better highlight the influence of the tip radius, we average the frictional forces between the sup-172

port displacement 50 and 100 Å. We plot those results as a function of the normal load for two dif-173

ferent tip sizes (radius of 50 and 100 Å) in Fig. 11. We observe a regular stick-slip motion. The174

distance between sticks corresponds to one lattice period of the graphene.175

We observe in Fig. 10 that for the highest loads the frictional force increases during sliding. This176

may be due to local frictional heating leading to a change in mechanical properties of the polymer177

below the tip.178

In the case of the crumpled graphene (Fig. 12), the frictional curve is subject to more fluctuations.179

The calculation of the average frictional force taken between support displacements 50 and 100 Å180

(Fig. 14) shows the strong impact of the flexibility of the graphene. Again, the higher indentation181

depth of the tip leads to a stronger frictional force (2 to 3.5 times).182

We compare this to sliding without graphene. In a simulation with no graphene, a normal load of183

51 nN, and a tip radius of 100 Å, we found that the tip moves deeply inside the substrate and the av-184

erage friction is above 90nN, almost an order of magnitude higher than with graphene. This clearly185

shows that the graphene layer darstically reduces the friction.186

To observe the effect of sliding on the wear of the polymer material, we compare three simulations:187

one without graphene, one with flat graphene, and one with crumpled graphene. All have a nor-188

mal load of 1 nN and a tip radius of 50 Å (Fig. 13). To improve the averaging by increasing the189

total sliding distance, we increase the sliding speed by a factor 10 to 20 m/s. The displacement190

vectors are recorded after 0.6 ns, meaning that the support has moved 120 Å. This is indicated by191

the dashed and solid lines. Without graphene, the vector displacements close to the surface are192

high and in the sliding direction, this indicates that strong residual deformation remains at the sur-193

face because of the shearing of the chains. We observe that the displacements of the polymer are194
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roughly an order of magnitude less when graphene is present. This indicates that graphene effi-195

ciently prevents damage of the substrate. The displacements are the smallest in the case of the flat196

graphene sample, where the graphene is not just protecting the polymer from the tip, but also con-197

straining the chains.198

The graphene we have used, both flat and crumpled, is constrained to remain at a specific length199

because of the periodic boundary conditions of the simulation box. This means that any elastic200

stretching of the graphene sheet is limited to a fairly small area. In reality, most of the graphene201

sheets are larger than the length of our simulation box and depending on how they attach to the sur-202

face, they may thus have more length to stretch elastically. Our crumpled graphene, by having a203

longer equilibrium length than the box, is more representative of completely unconstrained, loose,204

graphene sheets. However, graphene that is bound to the polymer surface, through adhesion or co-205

valent chemical bonds, would behave more like the flat graphene in our simulations, and provide206

additional protection.207

Conclusion208

We simulate friction force microscope experiments with molecular dynamics. A rigid counter-209

body simulating the tip of the FFM is rubbed against a substrate made of a semicrystalline polymer210

(PVA) with a graphene sheet on top. Doing such simulations enables us to understand some of the211

mechanisms at play in such systems. Two different graphene sheets have been investigated: a flat212

graphene that has the same size as the simulation box and a crumpled graphene sheet that has been213

bi-axially compressed by 10%. Before and after the sheet is deposited on the substrate, we com-214

puted the roughness. We can observe that the crumpled graphene accommodates to the roughness215

of the polymer, while the flat graphene reduces the roughness. We also observe a rearrangement216

of the chain near the surface into a layered structure, indicating that the chains tend to align paral-217

lel to the surface. During sliding, the tip sink slowly into the material. This sinking affects the real218

surface area and has a noticeable effect on the friction when the normal load is high. The displace-219

ments of the chains are roughly an order of magnitude less when a graphene sheet is present com-220
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pared to the case with no graphene. Since this is where the most severe wear occurs the graphene221

therefore reduces wear. We can see that the graphene is curved away from the tip, this is especially222

true for the flat graphene. This helps to spread out the pressure, and reduce the local pressure in the223

polymer. The flat graphene is the most efficient at reducing the friction and wear of the system by224

this mechanism, as it is harder to penetrate.225
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a Density before deposition of the graphene sheet. b Density after deposition of the flat graphene sheet.

c Density after deposition of the crumpled graphene
sheet.

Figure 4: Density of the substrate through the full length of the simulation box (polymer only), a)
before deposition of the graphene, b) after deposition of the flat graphene, and c) after deposition
of the crumpled graphene. The graphene affects the roughness and structure of the substrate.
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Figure 5: The penetration depth versus time for a long indentation and for the sliding process, for
a tip with radius 50 Å and load 6.4 nN (4 eV/Å), on the flat graphene. The dashed line represents
the time at which we measure the indentation depth and compare this value with other simulations.
The sliding process is starting after the dashed line. Without sliding the tip does not indent much
further, but with sliding it does.

Figure 6: Indentation depth as a function of the normal load for the flat graphene specimen with a
tip radius r = 50 Å and 100 Å.
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a Density of the polymer for the flat graphene, r=50 Å,
F𝑛=3.2 nN.

b Density of the polymer for the flat graphene, r=100 Å,
F𝑛=12.8 nN.

c Density of the polymer for the crumpled graphene,
r=50 Å, F𝑛=3.2 nN.

Figure 7: Density maps of the polymer for a) the flat graphene with r=50 Å and F𝑛=3.2 nN, b)
the flat graphene with r=100 Å and F𝑛=12.8 nN, and c) the crumpled graphene with r=50 Å and
F𝑛=3.2 nN. The cuts are taken right bellow the middle of the tip on a small thickness (14 Å). The
tip indents further on the crumpled graphene.
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Figure 8: Indentation depth of the flat graphene and crumpled graphene for different normal loads
and a tip radius of r = 50 Å.

a Flat graphene sheet. b Crumpled graphene sheet.

Figure 9: Snapshots of the simulation during sliding for a tip radius of 50 Å and a load of 102 nN
(64 eV/Å) for a) the flat graphene, and b) the crumpled graphene.
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a Tip radius r = 50 Å. b Tip radius r = 100 Å.

Figure 10: Frictional force versus the position of the support on the flat graphene specimen for a) a
tip radius r = 50 Å, and b) a tip radius r = 100 Å.

Figure 11: Average frictional force measured between support displacement 50 and 100 Å of the
support displacement versus load applied for a tip radius of 50 and 100 Å on the flat graphene
specimen. For comparison, in a simulation with no graphene, a normal load of 51 nN, and a tip
radius of 100 Å, we find an average friction above 90nN.
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Figure 12: Frictional force versus the position of the support for a tip of radius r = 50 Å, on the
crumpled graphene specimen.

aWithout graphene.

bWith flat graphene.

cWith crumpled graphene.

Figure 13: Average displacement of the atoms bellow the tip during sliding for a the case without
graphene, b the flat graphene, and c the crumpled graphene.
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Figure 14: Average frictional force measured between 50 and 100 Å of the support displacement
versus load applied for a tip radius r=50 Å on the crumpled and flat graphene.
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